I. INTRODUCTION
Over the past 50 years, macromolecular crystallography has been responsible for solving the structure of 100 000s of proteins. The proliferation of high intensity, third-generation synchrotron sources has enabled ever higher-resolution structures to be obtained using data collected from smaller and often more imperfect biological crystals.
1 However, with an increase in the X-ray flux incident upon the crystal comes an inevitable increase in the radiation-induced structural damage, leading to a rapid loss in diffraction intensity, particularly for the highest resolution data. Radiation damage at synchrotron and laboratory sources induces structural disorder in the crystal which affects the Bragg peaks and leads to an apparent change in unit cell dimensions reducing the probability of solving the protein structure and hindering biological interpretations.
Radiation damage is caused by the transfer of energy from the photons which comprise the illuminating X-ray beam to the crystal lattice via the photoelectric effect or inelastic scattering processes. Radiation damage can alter the protein structure through bond breaking (commonly disulfide bonds) and the creation of free radicals as well as heating. Free radicals are highly reactive species that can diffuse through the crystal and are themselves the cause of secondary a) Authors to whom correspondence should be addressed. Electronic addresses: C.Darmanin@latrobe.edu.au and B.Abbey@latrobe.edu.au 2329-7778/2015/2(4)/041704/13 V C Author(s) 2015 2, 041704-1 damage. Whilst it is known that specific damage effects can occur prior to the diffraction pattern being visibly altered; structural damage in the crystal eventually leads to spot fading and a modification of the measured Bragg peak intensity distribution. Through early investigations of radiation damage at room temperature, it was concluded that damage was linearly proportional to the absorbed dose. 2 Up until the 1990s, protein crystal data were collected at room temperature where, due to the higher mobility of electrons and ions, radiation damage had been a fundamental limiting factor on the resolution and quality of crystallographic data that could be collected. Large numbers of crystals were thus often required for room-temperature crystallography in order to collect a full macromolecular crystallography dataset. With the widespread availability of cryocooling of protein crystals 3 came a significant increase in the crystals' lifetime, this meant that in many cases, a single crystal could be used to acquire a complete crystallographic dataset. This method of cooling involves holding a crystal at a temperature of 100 K and completely surrounding the crystal with a gaseous stream of nitrogen. 4 The advantage of cryo-cooling is that the much slower diffusion rate of the secondary electrons and free radicals within the sample leads to damage being less widespread. This means that the effective dose that the crystal can tolerate before significant degradation of the diffraction intensities occurs is increased by almost two-orders of magnitude compared to room temperature samples. 5 However, in parallel to the development of cryo-cooling, the ever increasing flux available at microfocus synchrotron beamlines has permitted smaller and smaller crystal samples to be measured. With the reduced sample size, radiation damage effects can again become a significant limiting factor in data collection. 6 In addition, the recent development of 4th generation X-ray free electron laser (XFEL) sources helps to avoid the effects of structural damage altogether due to the short pulseinteractions. This opens up new possibilities for measuring damage-free structural data from micron to nano-sized crystals. Due to the limited availability of XFEL beamtime, however, it is critical to effectively screen suitable crystal targets for experiments. Frequently, the limiting factor on collecting high-quality crystallography data is not radiation damage but rather the underlying crystal quality which often cannot be overcome just by increasing the incident flux. By combining both coherent imaging and conventional rocking curve analysis for the study of micron-sized crystals, the present technique provides a novel means of selecting good candidates for further study at XFEL sources.
Protein crystals also inherently contain some level of disorder, this can manifest as rotational misalignments of small domains within the crystal volume. The crystals will also contain some resultant elastic strain distribution and surface defects, the accumulations of which are partly responsible for limiting the crystals growth. Macromolecular crystallography critically depends on the quality of the crystals used for structure determination which is largely governed by the crystallisation conditions and the growth processes of the crystal. Imperfections in the crystal lattice can directly influence the quality of structure obtained from X-ray diffraction as well as limiting the resolution of the diffraction data. During X-ray crystallography experiments, therefore, the formation of Bragg diffraction are influenced by both the intrinsic disorder of the crystal and the induced radiation damage. The combination of Reciprocal space mapping (RSM, e.g., for disorder) and Bragg Coherent Diffractive Imaging (BCDI, e.g., for size and shape) provides access to a complete range of real and reciprocal space information that can be used to characterise damage rates as well as screen crystals for growth optimisation.
RSM and 1D rocking curve analysis methods have been used to investigate crystal size and disorder effects since the earliest days of crystallography. 7, 8 The effect of reducing the size of the crystal, when it is fully contained in the incident beam, is to increase the width of the Bragg peak in an identical way for every peak measured. The effect of elastic strain and the resulting asymmetries it induces in the measured diffraction meanwhile, are known to become more pronounced with increasing diffraction order. 9 From the 1980s onwards, RSM and rocking curve analysis have been extensively applied to protein crystals to study crystal perfection and radiation damage. [10] [11] [12] [13] In order to directly study the effects of radiation damage in real space, it is possible to employ the technique of X-ray topography (XRT); however, the spatial resolution of this method is typically limited to a few microns meaning that the crystal sizes need to be of the order of millimetres before this method can be applied effectively. For this reason, XRT could not be used to study the micron-sized protein crystals we have measured in the present work. In order to capture real space information from the crystals measured here, we used the recently developed technique of BCDI which has an intrinsically higher spatial resolution.
The availability of highly coherent X-ray sources, such as third-generation synchrotrons, has allowed the development of techniques which utilise the coherently scattered X-ray signal measured from objects in order to form a high-resolution sample image. These images have a spatial resolution, typically of the order of tens of nanometres, and also contain useful additional information about the phase of the wavefield at the exit plane of the sample. BCDI belongs to this new class of X-ray CDI methods 14 and is able to utilize the continuous diffraction signal around individual Bragg reflections to study the detailed morphology and crystalline disorder in micron and nanometer sized crystals. 15, 16 In conventional crystallography, the crystal produces a diffraction pattern of discrete Bragg peaks with little to no information collected between reflections. In the case of a crystal illuminated by a sufficiently coherent beam, the crystal scatters the illumination coherently and the resultant diffracted intensity at each Bragg peak is a continuous function in reciprocal space centred around the scattering vector 
where I(q) represents the continuous intensity which is a function of q, the momentum transfer. q(r) is the electron density of the crystal which depends upon r, the real space coordinate; s(r) represents the shape function describing the diffracting volume and u(r) defines the relative displacements of the atoms from their ideal lattice positions. If the intensity distribution around the Bragg peak is sufficiently well sampled 18 CDI can be used to iteratively recover both the amplitude and phase information associated with the crystals transmission function projected along the scattering vector. Although, to date, the principle applications for BCDI have been in materials science where radiation damage is minimal, one previous attempt at applying BCDI to a biological crystal was made by Boutet and Robinson. 19 In this earlier work, micron-sized protein crystals of holoferritn were measured using BCDI and their size and shape reconstructed. However, in the previous study, significant difficulties were encountered with sample stability and the radiation damage.
Here, we present the results of BCDI used to investigate radiation damage in micron-sized crystals of the protein lysozyme. By using a detector sensitive to single photons and fixation methods suitable for protein crystals, we have obtained both 3D RSM and 2D BCDI data from the crystals during interaction with a highly focused X-ray beam. As well as paving the way for coherent diffraction techniques being applied to radiation sensitive biological crystals, the data indicate that the damage mechanisms for these micron-sized crystals may differ from their macroscopic counterparts due to them being comparable in size to the typical photoelectron ranges at energies more than 6 keV. 20 This illustrates the importance of carrying out further experimental studies at this critical lengthscale and highlights the need for caution in extrapolating radiation damage characteristics established with larger crystals to crystals which are only of the order of a few microns or less in diameter.
II. METHOD
Crystals of lysozyme were grown from hen egg white obtained from Sigma-Aldrich. The tetragonal crystals have unit cell dimensions a ¼ b ¼ 79.1 Å , c ¼ 37.9 Å , and space group P4 3 2 1 2 having eight molecules per unit cell. Protein crystals were grown in batch mode following published protocols. 21, 22 A 3:1 ratio of the precipitant buffer and the protein buffer was used, giving a final protein concentration of 35 mg/ml, 4.5% PEG 6000, 13.5% (w/v) NaCl, and 0.5M acetic acid at pH 4. Crystals grew within 24 h up to a maximum dimension of $1.5 Â 1.5 Â 1.5 lm. After this time, the crystals were transferred to a storage solution containing 9% NaCl in 0.6M acetic acid at pH 3.4 and then stored at 2 C. The crystals were imaged for size and distribution using confocal microscopy and scanning electron microscopy (SEM).
Diffraction experiments were conducted at the undulator beamline 34-ID-C at the Advanced Photon Source (APS). A schematic of the experimental set up is shown in Fig. 1 . The spatial coherence length of 34-ID-C has been previously measured as 0.66 6 0.02 lm.
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Protein crystals were mounted on a 10 lm Â 10 lm (400/10) MicroMeshes MiTeGen crystallography loop supported by a 18 mm copper pin and a B3S-R aluminium base (MiTeGen). A cryosolution was prepared using a 1:1 ratio of 100% glycerol stock to protein solution and loaded onto the loop by sweeping the loop through the solution multiple times. The loop was then mounted on a goniometer stage at the beamline which was modified so that a magnet capable of holding a crystallography loop at the diffractometer rotation centre could be attached. An Oxford Instruments Cryojet was set up on the stage such that it was in plane with the crystallography loop. The Cryojet produced 100 K gaseous nitrogen for flash cooling the sample. For the X-ray measurements 9 keV X-rays were focussed using Kirkpatrick-Baez (KB) mirrors to a spot measuring 2 lm Â 2 lm (full-width at half maximum, FWHM) with a total flux of 5 Â 10 9 photons/s. The incident beam was used to illuminate areas of the mesh that were approximately perpendicular to the incident X-ray beam. A Timepix photon counting detector from the Medipix detector family with 256 Â 256 pixels of 55 lm Â 55 lm was placed between 0.76 and 2.3 m from the sample to collect the diffraction data. The closer position was used for alignment whilst the furthest position was used to collect the BCDI data.
The Timepix detector was mounted on a diffractometer arm perpendicular to the scattering vector and an evacuated flight tube used to reduce air scatter and absorption of the diffraction signal between sample and detector. The detector arm was placed at a 2h angle as shown in Fig.  1 for a given reflection such that the Bragg condition was satisfied. Bragg angles were between 2 and 2.5 for the (210) and (200) reflections measured for BCDI. Two types of scans were performed; a "mesh scan" to locate Bragg peaks and a rocking curve to measure a RSM of the entire Bragg peak. Mesh scans were performed by placing the detector at the Bragg angle and the near position to the sample (0.76 m) and raster scanning the sample across the X-ray beam to search for signal from individual crystals. For the RSM data, the sample crystal was rocked in h over a total angular range of 0.5 -0.6 in increments of 0.01 with an X-ray exposure time of 5 s per slice with the detector at a distance of 2.3 m. This process was repeated until the Bragg peak faded significantly (less than 20% of the original integrated intensity).
III. DATA ANALYSIS
In the previous work, the change in unit cell parameters has been proposed as a metric for radiation damage of protein crystals. 24 Unit cell expansion as a function of radiation dose has been examined in macroscopic protein crystals where the collection of multiple diffraction patterns forming a complete 360 dataset is feasible. [25] [26] [27] In the present case of a micron-sized crystal, where the collection of full datasets from a single crystal is not feasible, we focused on analysing the change in lattice spacing at a single orientation by examining the behaviour of a single Bragg peak. To understand the response of the crystal lattice to repeated X-ray exposure, we investigated the shift in 3D reciprocal space of the centre of mass of the Bragg peak measured at each time point. This shift was then interpreted as a change in the lattice spacing of the crystal due to radiation damage. Our reciprocal space resolution was determined to be 0.114 lm, À1 0.309 lm, À1 and 0.114 lm À1 in x, y, and z directions, respectively, given by the configuration of the diffractometer, the wavelength of x-rays used, and the pixel size of the detector. The change in momentum transfer vector, q, was calculated and converted to an equivalent change in atomic lattice spacing, d, for the reflection as
Change in integrated intensity is another method for monitoring radiation damage of protein crystals. 29 The change in integrated intensity across the entire Bragg peak was measured as a function of dose. As has been shown in the previous radiation damage work, 30 the intensity must be normalized such that the intercept on the y-axis (Fig. 5 ) is 1 at zero dose, i.e., the reflection intensity has not yet decreased due to radiation induced damage from the beginning of the measurement. To determine the intensity of the Bragg peak at the start of the radiation damage measurement, the integrated intensity as a function of total dose was modelled and extrapolated using a linear fit.
One benefit of measuring the full 3D Bragg reflection using a spatially resolved detector is the ability to calculate the change in width and symmetry in any direction. Here, these parameters were measured along the three orthogonal directions in reciprocal space (q x , q y , and q z ) which would be the equivalent of measuring rocking curves in v, h, and u in Fig. 1 . For v and u, the rocking increment was calculated, based on the detector pixel, to be 0.026
. From the rocking curves, the FWHM of the peak was determined from a Gaussian fit to the data. Using knowledge of the incident flux, X-ray wavelength, crystal size, and physical properties of the sample, the total accumulated dose the crystal received before the Bragg reflection significantly faded was 568 MGy as calculated by RADDOSE. 31 This equates to a dose per second of 0.29 MGy, higher than typical macrocrystallography beamlines due to the comparatively small focal spot size produced by the KB mirrors.
For the BCDI analysis, the central slice of each of the five 3D Bragg reflection datasets in the damage series was selected. The resulting 2D diffracted intensity data were then phased using in-house software 32 in order to recover a projection of the crystal. The programs used in the data analysis were ImageJ 33 and MATLAB. During the reconstructions, a combination of Error Reduction (ER) 34 and Relaxed Averaged Alternating Reflections (RAAR) 35 algorithms were used to retrieve the phase information. RAAR is generally able to deal with higher levels of noise in the data. In the algorithm used here, the support was updated using shrink-wrap after every 50 iterations. 36 
IV. RESULTS
Using the experimental setup, a total of 5000 images were collected using a focused beam via raster scanning across an area of 140 lm Â 140 lm. Fig. 2(a) shows the sum of these images measured at a sample-detector distance of 0.76 m. The closer distance was used for alignment and to determine which areas of the sample to measure for BCDI. The calculated distance between the rings was used to identify the indices of the reflection (Fig. 2) . The detector was then moved to 2.3 m from the sample; for a crystal of 1.5 lm diameter at this distance, the diffraction data were oversampled, which enabled phase retrieval to be carried out. With the detector kept stationary, the crystal was rotated in the h direction to bring it in and out of the Bragg diffraction condition.
In total, seven rocking curves were measured on the same Bragg peak of the (210) reflection for the same crystal. Diffraction images which correspond to the central slice of the Bragg peaks measured are shown in Figs. 2(b)-2(f) .The measured rocking curves are shown in Fig.  3(a) as the integrated intensity in each frame of the rocking curve plotted as a function of the h rocking angle. Figs. 3(b) and 3(c) show the calculated rocking curves in the u and v representing directions q z and q x , respectively. The first rocking curve collected was only a partial Bragg peak as the scan range was still being refined. For this reason, this rocking curve was not used in FWHM analysis but the additional dose to the sample has been taken into account in the analysis. For the Bragg peak measured, the FWHMs of the three rocking directions increased asymmetrically with a broadening factor, defined as the ratio of the final to initial FWHM, of $2.33 in h, $1.36 in u, and $1.91 in v after 568 MGy of dose.
3D plots of five Bragg peaks measured are also shown in Fig. 3 spanning a total dose of 131-481 MGy. The first partial Bragg peak was excluded along with the last peak. Our results show that the first Bragg peak, Fig. 3(d) , has a defined fringe (shown by the arrow) and central maximum. As the total dose increases (Figs. 3(e)-3(h) ), the Bragg peak becomes less welldefined and moves in reciprocal space towards a lower diffraction angle. This corresponds to an increase in the d-spacing for this reflection of 0.06% as shown in Fig. 4 . At 394 MGy, it is no longer possible to identify a clear central maximum in Fig. 3(g) and the overall maximum value in the data volume has decreased to just 11% of its initial value. The variation of d-spacing as a function of dose could be modelled using a logarithmic function with an R 2 quality of fit of 0.992 (Fig. 4) . The change in the Bragg peak is also reflected in Fig. 5 where as dose increases the integrated intensity of the Bragg peaks decreases. The first 5 measurements of the normalised integrated intensity as a function of total dose were modelled using a linear function with an R 2 quality of fit of 0.995. The last three points were modelled also using a linear function with an R 2 quality of fit of 0.994. The gradient was found to change dramatically from 0.18% of the intensity decreasing per second to 0.07% of the intensity decreasing per second at 400 MGy dose. Oversampled diffraction patterns were recorded whilst rocking the crystal which can be iteratively phased using BCDI techniques to give the complex density. If u(r) in Eq. (1) is nonzero, the resulting intensity distribution around the Bragg peaks is no longer centro-symmetric; asymmetries in the Bragg reflection are therefore indicative of the presence of strain within the crystal. Reconstructions of the amplitude, which can be interpreted as the crystals electron density, corresponding to 5 diffraction images of different dose (Figs. 2(b)-2(f) ) are shown in Figs. 6(a)-6(e). The diffraction images also correspond to the central slice of the Bragg peak reciprocal space map (Figs. 3(d)-3(h) ).
From these real-space images, the initial size of the crystal was determined to be $500 nm Â 800 nm, smaller than the maximum crystal size of 1.5 lm Â 1.5 lm determined by the SEM data. The size of the crystal, which was calculated using the built-in edge-detection function in MATLAB decreases, as a percentage of the original area, from 90% (after 130 MGy) to 46% (after 390 MGy) as shown in Fig. 7 with the corresponding change in FWHM in h. After 480 MGy, the intensity of the Bragg reflection has reduced to the point, where it is no longer possible to clearly resolve any fine structure in the Bragg peak, hence the BCDI reconstruction failed. Interestingly, the crystal exhibits a sudden decrease in size at 400 MGy, which matches exactly the point at which there is a reduction in the rate of spot fading observed in Fig. 5 .
V. DISCUSSION
Recent studies have highlighted the importance of size effects in radiation damage studies. This has partly been motivated by the recent availability of XFEL sources which have enabled measurements of diffraction data from nanocrystals. 22 In the case of XFELs, using photons of energy in the kilo electron volt range for protein crystallography means that the mean free path of photoelectrons ejected during the primary interaction may be comparable to or larger than the crystal itself. 37, 38 It has been argued that in this case the radiation induced damage to the crystal may actually be reduced since the photoelectrons can escape to the surface prior to giving up all of their energy in initiating secondary damage processes. 39 Similar types of size effects have been observed at the synchrotron where the use of micron-sized beams has been shown to result in crystallographic data with a reduced damage signature due to the primary photoelectron ranges being larger than the beam footprint on the sample. 30 In the present case, we have carried out the first synchrotron radiation damage study on crystals whose dimensions are comparable to the primary photoelectron escape depth at the relevant X-ray energies. The key scientific question is whether the damage behaviour of such samples is similar to the macroscopic crystal case or whether, as has been predicted theoretically, 30 the small crystal size imparts additional radiation tolerance to the sample. To address this question, we have looked at several different metrics such as the damage effect on unit cell parameters, crystal quality, and crystal size. Analysing these three metrics provide insights in to the effect of dose on the protein crystal structure.
Perhaps the most well-established method of examining crystal quality and ordering is to analyse the FWHM of the Bragg peak. In both macroscopic and micron-crystals, 40 the FWHM has been found to increase as a function of dose. 12 For a crystal where the spatial coherence length is comparable to or larger than the crystal (as in the present case), the Bragg peak intensity distribution depends upon the complex shape function and deformation within the crystal as described in Eq. (1). A single crystal of lysozyme has approximately 39% solvent by weight; during interaction with the energetic X-ray photons, protein-solvent bonds are broken and the solvent channels within the crystal are emptied. As the crystal dries out the molecules rearrange to minimise the damage induced strain; this in turn leads to the formation of further defects with manifests as a broadening of the Bragg peak.
In our data, we examined the FWHM of the Bragg reflection in three orthogonal directions in reciprocal space (h, u, and v shown in Fig. 1 ) and found an increase in all three directions as a function of the absorbed dose. The lysozyme crystal has a P4 3 2 1 2 space group which is asymmetric with respect to the crystallographic directions. This may explain the rate of peak broadening which showed a directional dependence within the sample. This asymmetric damage behaviour has been explained previously as being due to variations in the orientation of the   FIG. 7 . Effect of X-ray dose on the micron-sized lysozyme crystal: On the left axis, the relative change in area of the reconstructed amplitude of the lysozyme crystal changing is shown as a percentage with respect to dose. On the right axis, the FWHM of the rocking curve in h (q y ) is shown as a function of dose on the crystal. solvent channels within the crystal. Due to non-alignment between channels, it has been postulated that dehydration occurs at different rates in different directions and thus the creation of defects leading to peak broadening occurs anisotropically across the crystal. In macroscopic crystals, direct experimental evidence for this has been obtained through analysis of X-ray topography images. 12 In addition to the overall broadening, the fine structure of the Bragg peak intensity can also be used to infer crystal quality. In the q x direction, for example, there is a breaking of symmetry of the Bragg peak as the dose increases. Such asymmetries in Bragg peak shape are thought to arise, not directly due to dehydration, but rather from the formation and propagation of dislocations and cracks within the crystal. 12 In one damage model proposed by Blake and Phillips (1962), 2 it was hypothesised that under the influence of radiation induced damage, crystals decompose into highly ordered domains separated by disordered and completely amorphous regions. It has been shown experimentally that whilst diffraction from the ordered regions preserves the intensity at the original Bragg peak position, the disordered regions tend to diffract at lower angles resulting in a characteristic shoulder in the Bragg reflection. We see clear evidence of such a shoulder forming in some of the data presented in Fig. 3 .
The overall position of the Bragg peak can also provide insights into radiation induced damage. In the data presented here, the results show that the lattice spacing corresponding to the (210) Bragg peak increases as a function of the total dose absorbed. Similar trends have been observed in the literature for macroscopic protein crystals. In the macroscopic case, the expansion of dspacing with dose has been found to follow a linear relationship 28 or an exponential relationship. 41 The origin of this expansion may also be understood in terms of dehydration of the crystal which results in the repulsion of residues within the protein crystal. Rather than a linear behaviour, the rate of lattice expansion in our experiment follows a logarithmic trend (Fig. 4) . Initially, up to a total dose of $174 MGy, the lattice expands rapidly by 0.04% of the nominal value after which the rate of expansion slows down such that the lattice spacing only increases by a further 0.02% up to 350 MGy. A possible explanation for this is that the initial rapid expansion occurs as molecules rearrange to minimise strain; however, as dehydration of the crystal continues, the remaining molecules are less free to move resulting in ever smaller changes in the lattice constant. This process coincides with an increase in the levels of disorder within the crystal which reduces the intensity (shown in Fig. 5 ) and visibility of the measured Bragg peaks. 4 The decrease in integrated intensity as a function of dose was expected to be exponential 29 yet this was not the case. The exponential decay describes the decay of an average Bragg peak and realistically the intensity can decay in different paths depending on protein composition with one of the most pronounced changes to intensity caused by disulfide bond breakage. 42 Lysozyme has four intramolecular disulfide bonds 43 therefore has the potential for large structural damage as it undergoes radiation damage. The large change in the gradient of Fig. 5 could also be a consequence of the change in shape of the crystal which is seen in the BCDI reconstructions. As the crystal decreases in size, the photoelectrons are more likely to escape from the crystal volume potentially decreasing the radiation damage and therefore the rate of intensity loss.
Real-space analysis, which permits a direct visualisation of the change in crystal size and shape with dose, was carried out using BCDI. The reconstructed crystal was found to be smaller than the SEM data indicated which could be an artefact of the SEM sample preparation process which required the crystal to be coated with a thin (nominally 10s of nm) layer of gold. In addition the standard deviation of the sizes of crystals measured using SEM was found to be 200 nm in each linear dimension so it could be that this particular crystal was at the smaller end of the size distribution. Finally during alignment we estimate the crystal received at least $84 MGy of dose prior to the first BCDI image being reconstructed. This known dose has been taken into account in the quantitative analysis but not in the crystal size analysis which could account for the difference we see since the crystal has already undergone some dehydration before the first BCDI datasets were collected. The BCDI results clearly indicate the crystal volume is decreasing as a result of the radiation damage. As far as the authors are aware such radiation damage effects have not been directly studied in real-space before. The reciprocal and real space data can also be directly correlated; one example of this is shown in Fig. 7 where the decrease in area of the crystal was reflected in the broadening of the FWHM in h (Fig. 7) . As the reciprocal data indicated, the size and shape of the crystal change in a way which is direction dependant. With the crystal initially shrinking fastest along the longest axis producing a more or less symmetrical shape towards the end. After 394 MGy, the diffracted signal became too low for BCDI to be carried out reliably.
Compared to small-molecule, radiation hard materials science samples, BCDI of crystals made of biological macromolecules is extremely challenging. The crystals need to be hydrated and the dynamically evolving sample size and shape, captured here, mean that data need to be collected quickly and extreme care needs to be taken in optimising the fixation conditions. Nonetheless, despite the amount of scatter being significantly reduced compared to their materials counterparts, our data prove that with modern synchrotron sources and photon-sensitive detection, BCDI of protein crystals is feasible and can provide a wealth of additional information that complements the reciprocal space analysis. Future experiments will investigate whether any changes are observed with increased beam conditioning to improve the coherence length. Another issue is the signal-to-noise (SNR); due to limitations in the diffracted signal, we estimate the spatial resolution of the measurement to be $90 nm based on the numerical aperture of the detected scatter, sufficient to resolve the crystals size and shape but not sufficient to really resolve the internal features. Improvements in the sample preparation and delivery will help improve the signal in comparison to the background, in particular, minimising the amount of surrounding solution prior to freezing will reduce the broad diffuse background scatter due to the buffer and cryo-protectant solutions.
For our experiments, we found one of the most significant challenges to be the motion of the crystals during data collection. Because they are not adhered directly to the substrate many of our earlier experiments were unsuccessful due to sample drift and rotation during data collection. Extensive studies were carried out examining the effect of sample stability and drift of the protein crystals during BCDI measurements. The effectiveness flash freezing fixation was tested at both 34-ID-C and the MX2 beamline at the Australian Synchrotron, where Bragg peak stability was monitored over comparable periods of time to determine if crystals were translating or rotating within the beam. During these investigations, we found many stable crystals and therefore concluded that this type of sample fixation was the suitable for BCDI experiments.
VI. CONCLUSION
Radiation damage in a micron-sized protein crystal has been examined using a combination of reciprocal space mapping and BCDI techniques. The additional information provided by real-space images of the crystal as it undergoes dehydration and apparently shrinks in the beam aids in the interpretation of the diffraction data where the convolution of reciprocal and real space information can make separating out the various factors contributing to the measured diffraction intensity challenging. Following on from published protocols, we have carried out an analysis of the intensity, position and shape of the Bragg peak collected from a micron-sized protein crystal. The increase in FWHM is clearly matched by shrinking of the crystal in realspace. The reduction in crystal volume, the increase in disorder, and the breaking of bonds all contribute to the significant loss of intensity we observe. Experimental radiation damage data published from macroscopic crystals usually shows a linear increase in d-spacing with dose, this trend is not observed here with micron-sized crystals. We find that the rate of change of the d-spacing is initially significantly higher with the initial exposure compared to later on and that the variation of in d-spacing actually most closely follows a logarithmic trend. The rate of decrease of the normalised intensity for the (210) reflection also appears to reduce significantly at around 400 MGy. The evidence from the reciprocal space analysis therefore points to a slowing down of the radiation damage processes as a function of dose, the same behaviour is not observed in macroscopic protein crystals.
The reduction in the rate of radiation damage with dose can be understood by considering the real-space images of the crystal as it undergoes dehydration. Following the arguments of, e.g., Sanishvili et al. 30 and Holton et al. 29 lessening of the expected damage rates for micron and sub-micron crystals may be interpreted as a reduction in the amount of induced secondary damage within the diffracting crystal volume. Since the crystal studied here was smaller than the average stopping range of the primary ejected photoelectrons we interpret the reduction in damage rates to be due to the in-situ shrinking of the crystal size. As can be seen from the BCDI measurements, even early on in the measurement the well-ordered parts of the crystal dynamically changes size and shape with increasing dose. We hypothesised that during the damage process the reduction in diffracting crystal volume actually aids in preserving the crystal longer in the beam than might otherwise be expected.
In conclusion, if confirmed, the dynamical reduction of radiation damage with shrinking crystal volume could have significant benefits for crystallography carried out using micron and sub-micron sized crystals at third-generation synchrotrons. BCDI experiments, even on ideal materials science samples, can often be challenging. However, through the pilot experiment reported on here, we have demonstrated that this technique can be applied successfully to radiation sensitive biological crystals. The real-space analysis we have carried out here of the dynamically evolving crystal size as a function of dose will be followed up with additional measurements, first to confirm this behaviour for a statistically significant number of protein crystals and secondly for higher order reflections at diffraction resolutions typically used for crystallography. Nonetheless, the results of combining newly developed coherent imaging techniques with reciprocal space analysis for micron-sized crystals are intriguing and, we are confident, pave the way for BCDI becoming an effective tool for characterising and understanding the growth, structure, and diffraction properties of protein crystals.
